We show that a continuously nonuniform coupledline C-section phaser, as the limiting case of the step-discontinuous coupled-line multisection commensurate and non-commensurate phasers, provides enhanced bandwidth and diversity in real-time analog signal processing (R-ASP). The phenomenology of the component is explained in comparison with the step-discontinuous using multiple-reflection theory and a simple synthesis procedure is provided. The bandwidth enhancement results from the suppression of spurious group delay harmonics or quasi-harmonics, while the diversity enhancement results from the greater level of freedom provided by the continuous nature of the nonuniform profile of the phaser. These statements are supported by theoretical and experimental results. Index Terms-C-section, group delay engineering, nonuniform transmission line, phaser, real-time analog signal processing.
I. INTRODUCTION
R EAL-TIME Analog Signal Processing (R-ASP) is a potential alternative to dominantly digital radio technology, given its high-speed, low-consumption and frequency-scalability benefits [1] . The key component of a R-ASP system is the phaser [1] , [2] , 1 a device providing specified group delay versus frequency response depending on the application, e.g. linear for real-time Fourier transformers [3] and Chebyshev for dispersion code multiple access (DCMA) [4] , [5] .
Step-discontinuity coupled-line all-pass phasers represent a common type of phasers [1] , [2] , [6] , [7] , but they suffer from bandwidth restriction, due to the presence of spurious group delay harmonics, and restricted dispersion diversity, in R-ASP. This letter shows how these limitations can be mitigated by using continuously nonuniform C-section phasers [4] as the subwavelength section limit of step-discontinuity multi-section coupled-line phasers [7] . Manuscript II. STEP-DISCONTINUITY NONUNIFORM PHASERS Fig. 1 shows a general step-discontinuity nonuniform coupledline phaser with M sub-sections of lengths d 1 , d 2 , . . . , d M and corresponding even-and odd-mode equivalent circuits, denoted by the subscript p (p = e, o, resp.), where Z L e = ∞, Z L o = 0. For small discontinuities, the total even/odd reflection coefficients at the input are [8] 
where Γ p,m is the reflection coefficient between sections m and m + 1 and β is the (m-independent, assuming TEM sections) guided wavenumber. The total transmission scattering parameter and group delay of the phaser follow as:
where v = ω/β is the phase velocity. The group delay response of a single C-section is periodic, with peaks located at βD = π(n + 1/2), for n = 0, 1, . . . , ∞ and having a group delay swing depending on the coupling, C, and length, D, of the structure. In a commensurate cascaded M -section C-section, the periodicity is increased by a factor M (M propagation-coupled resonators) with up to M peaks depending on couplings, due to coherent multiple reflection [factor e −j2mβd in (2)]. Defining BW max as the frequency bandwidth supporting a non-periodic specified group delay response (restricted by periodicity), one has from 2βd = 2π Step-discontinuity nonuniform commensurate and non-commensurate phasers with 10 sections, restricted to the 1 to 5 GHz bandwidth.
bandwidth of the phaser is increased by increasing M . Finally, the periodicity is lost in the case of non-commensurate sections, due to incoherent multiple reflection [factor e −j2mβd m in (2)].
III. CONTINUOUSLY MODULATED NONUNIFORM PHASERS
To synthesize the nonuniform coupled-line function C(z) (0 < C min < C(z) < C max < 1) for the specified group delay response, one may use the Fourier series expansion
and search for the appropriate unknown expansion coefficients a q and b q . The corresponding nonuniform even and odd characteristic impedances are Z 0e/o (z)= Z 0 ( 1±C(z))/(1∓C(z)) [8] .
We shall satisfy the local matching condition, Z 0e (z)Z 0o (z)= Z 0 , ∀z, where Z 0 is the ports characteristic impedance. The even and odd impedances at the input of the mth subsection, Z in p,m , are related to those of the (m + 1)th subsection, Z in p,m+1 , by
Iteratively computing Z in p,m from m = M to m = 1 provides the even and odd reflection coefficients at the input of the overall even and odd structures via Γ in p = (Z in p,1 − Z 0 )/(Z in p,1 + Z 0 ). The corresponding group delay of the phaser follows using (3), and is injected into the fitness function F = 1/(ω h − ω l ) ω h ω l |τ (ω) − τ s(ω) |dω, for alignment of τ (ω) with the specified function τ s (ω). Fig. 2 compares the performance of the continuously modulated nonuniform phaser with those of step-discontinuity FIG. 4 nonuniform phasers. The goal is to achieve negative linearly chirped response of at least 30 ps swing over the largest possible bandwidth between 1 and 20 GHz. 2 Due to its zero subsection length (d/λ → 0), the continuously modulated phaser exhibits, according to Section II, an infinite periodicity, and reaches therefore the complete specified bandwidth. In contrast, the bandwidth of the step-discontinuous phasers is restricted by spurious peaks due to excessive subsection length. The oscillations in the group delay curves, more visible in the continuously nonuniform case due to smaller large-scale variations, correspond to the resonances of the overall C-section structures (βD = π, i.e., Δf = 1.11 GHz). These oscillations may be suppressed by using cascaded non-uniform C-sections, which also allows to increase the group delay swing, as shown in Fig. 3 . In addition to bandwidth enhancement, the proposed phaser provides dispersion diversity enhancement. This benefit comes from the virtually unlimited degrees of freedom of the continuously nonuniform structure. To illustrate this feature, we specify 1st to 4th orders Chebyshev group delay responses, used in Dispersion Code Multiple Access (DCMA) [5] , in the frequency range from 1 to 3 GHz. Table I lists the corresponding dimensions and optimal values of the unknown coefficients a q and b q in (4) for each order, while the corresponding coupling and group delay responses are plotted in Fig. 4 . 
IV. EXPERIMENTAL DEMONSTRATION
This section experimentally demonstrates the 1st and 2nd order Chebyshev designs in Table I and Fig. 4 in stripline technology, using the RO3210 substrate with permittivity ε r = 10.2, height h = 50 mil and tan δ = 0.0027. The fabrication limits were set to C min = 0.05 and C max = 0.65. The dimensions of structure, respecting the local matching condition, are obtained using standard stripline synthesis formulas [8] . The fabricated prototypes are shown in Fig. 5 and the experimental results are presented in Fig. 6 .
The proposed synthesis method in Section III is also valid for quasi-TEM coupled transmission lines (e.g. microstrip or CPW), where the even and odd phase velocities may be equalized for instance by using a nonuniform slotted ground plane between the coupled lines [9] . 
V. CONCLUSION
We have shown that a continuously nonuniform coupledline C-section phaser provides enhanced bandwidth and profile diversity compared to step-discontinuity coupled-line C-section phasers. Such a phaser, that may be further cascaded for oscillation suppression and delay swing enhancement, is a promising device for real-time analog signal processing (R-ASP). It may be for instance applied to DCMA, a recently proposed novel multiplexing wireless technology [5] , where the number of channels is equal to the number of available phaser responses and cross-channel interference is minimized using Chebyshev dispersion profiles.
